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Equations of State for Mixtures of R-32, R-125, R-134a, R-143a, and R-152a
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Mixture models explicit in Helmholtz energy have been developed to calculate the
thermodynamic properties of refrigerant mixtures containing R-32, R-125, R-134a,
R143a, and R-152a. The Helmholtz energy of the mixture is the sum of the ideal gas
contribution, the compressibility~or real fluid! contribution, and the contribution from
mixing. The independent variables are the density, temperature, and composition. The
model may be used to calculate the thermodynamic properties of mixtures, including dew
and bubble point properties, within the experimental uncertainties of the available mea-
sured properties. It incorporates the most accurate equations of state available for each
pure fluid. The estimated uncertainties of calculated properties are 0.1% in density and
0.5% in heat capacities and in the speed of sound. Calculated bubble point pressures have
typical uncertainties of 0.5%. ©2004 by the U.S. Secretary of Commerce on behalf of
the United States. All rights reserved.@DOI: 10.1063/1.1649997#
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1. Introduction

The need for equations of state capable of accurate re
sentation of thermodynamic properties of environmenta
safe fluids continues as new applications are developed
quiring the use of refrigerant mixtures. These mixtures
refrigerants are used as environmentally acceptable rep
ments for chlorofluorocarbons and hydrochlorofluorocarb
in refrigeration, heat pumps, foam-blowing, and other ap
cations. Mixture equations are required to evaluate the
formance of possible working fluids.

A model is presented here for calculating the thermo
namic properties of refrigerant mixtures that supercedes
model reported by Lemmon and Jacobsen~1999!. This
model was initially reported by Lemmon~1996!, and general
details and comparisons among different implementation
the model were reported by Lemmon and Tillner-Ro
~1999!. The model may be used to calculate all thermod
namic properties of mixtures at various compositions,
cluding dew and bubble point properties and critical poin
the model and its calculational abilities have been incor
rated into the NIST REFPROP database~Lemmon et al.,
2002!. The mixture model is similar to the model present
by Tillner-Rothet al. ~1998! and published by the Japan S
ciety of Refrigerating and Air Conditioning Engineers~JS-
RAE!. The work presented here uses generalized equat
applicable to several mixtures, whereas separate equa
for each binary mixture were developed in the JSRAE eq
tions.

The mixture model presented here is based on corresp
ing states theory and uses reducing parameters that ar
pendent on the mole fractions of the mixture constituents
critical points of the pure fluids to modify absolute values
the mixture density and temperature. This approach allo
the thermodynamic properties of the mixture to be ba
largely on the contributions from the pure fluids. Witho
additional mixing functions, the model is similar to that f
an ideal mixture, and only the excess values, or the de
tures from ideality, are required to accurately model
properties of the mixture.

The model uses the Helmholtz energy as the basis fo
calculations. The Helmholtz energy is one of the fundam
tal properties from which all other thermodynamic propert
can be calculated using simple derivatives. The Helmh
energy of the mixture is calculated as the sum of an ideal
contribution, a real fluid contribution, and a contributio
from mixing. The Helmholtz energy from the contribution
of the ideal gas and the real fluid behavior is determined
the reduced density and temperature of the mixture by
use of accurate pure fluid equations of state for the mixt
components. Reducing parameters, dependent on the
fractions of the constituents, are used to modify values
density and temperature for the mixture.

The contribution from mixing, a modified excess functio
is given by an empirical equation. An excess property o
mixture is defined as the actual mixture property at a giv
condition minus the value for an ideal solution at the sa
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condition. In most other work dealing with excess properti
the mixing condition is defined at constant pressure and t
perature. Because the independent variables for the pure
Helmholtz energy equations are reduced density and t
perature, properties are calculated here at the reduced de
and temperature of the mixture. The shape of the modi
excess function is similar for many binary mixtures, a
relatively simple scaling factors can be used to determine
magnitude for a particular application. While this approach
arbitrary and different from the usual excess property form
it results in an accurate representation of the single ph
properties and phase boundaries.

The mixtures studied in this work include the constitue
R-32 ~difluoromethane!, R-125 ~pentafluoroethane!, R-134a
~1,1,1,2-tetrafluoroethane!, R-143a ~1,1,1-trifluoroethane!,
and R-152a~1,1-difluoroethane!. Three separate models~i.e.,
three separate excess functions! were developed to calculat
the properties of the refrigerant mixtures. The first two d
scribe the properties of the binary mixtures R-32/125 a
R-32/134a. The shapes of the excess functions for these
mixtures differ from each other and from those of the oth
mixtures studied in this work, and could not be modeled b
generalized equation. This was also noticed in the work
Lemmon~1996!, which required additional terms in the mix
ing functions for these two binary mixtures. Laesecke~2004!
noted that the electrical conductances of blends contain
R-32 were much higher than other HFC blends. The hig
conductance may be due to the polar R-32 molecules a
ciating in the liquid phase via H-F bonds as suggested
Lisal and Vacek~1996!.

The shapes of the excess functions for the mixtures R-1
134a, R-125/143a, R-134a/143a, and R-134a/152a w
similar enough that one function could be developed t
described the properties of all these systems. Additiona
experimental data for the ternary mixtures R-32/125/13
and R-125/134a/143a showed that only binary pair inter
tions are required to model these multicomponent mixtur

2. The Mixture Equation

The equation for the mixture Helmholtz energy~a! used in
this work is

a5aidmix1aE. ~1!

The Helmholtz energy for an ideal mixture as used in t
work defined in terms of density and temperature is

aidmix5(
i 51

m

xi@ai
0~r,T!1ai

r~d,t!1RT ln xi #, ~2!

wherer andT are the mixture density and temperature,d and
t are the reduced mixture density and temperature,m is the
number of components in the mixture,ai

0 is the ideal gas
Helmholtz energy of componenti, ai

r is the residual Helm-
holtz energy of componenti, and thexi are the mole frac-
tions of the mixture constituents. References for the p
fluid ideal gas Helmholtz energy and residual Helmholtz e
ergy equations are given in Table 1.
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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TABLE 1. Pure fluid equations of state for the refrigerants used in the mixture model

Fluid Author
Temperature
range~K!

Maximum
pressure~MPa!

R-32 Tillner-Roth and Yokozeki~1997! 136.34–435 70
R-125 Lemmon and Jacobsen~2004! 172.52–500 60
R-134a Tillner-Roth and Baehr~1994! 169.85–455 70
R-143a Lemmon and Jacobsen~2000! 161.34–650 100
R-152a Outcalt and McLinden~1996! 154.56–500 60
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The reduced values of density and temperature for the m
ture models used here are

d5r/r red ~3!

and

t5Tred/T, ~4!

wherer andT are the mixture density and temperature, a
r red andTred are the reducing values

r red5F(
i 51

m
xi

rci

1 (
i 51

m21

(
j 5 i 11

m

xixjj i j G21

~5!

and

Tred5(
i 51

m

xiTci
1 (

i 51

m21

(
j 5 i 11

m

xixjz i j . ~6!

The parametersz i j and j i j are used to define the shapes
the reducing temperature and density curves. These redu
parameters are not the same as the critical parameters o
mixture and are determined simultaneously in the nonlin
fit of experimental data with the other parameters of the m
ture model. Additional values ofz i j as well as a generalize
method for predicting these values for refrigerants not c
ered in this work was given in Lemmon and McLinde
~2001!.

TABLE 2. Coefficients and exponents of the mixture equations

k Nk tk dk l k

R-32/125
1 20.007 2955 4.5 2 1
2 0.078 035 0.57 5 1
3 0.610 07 1.9 1 2
4 0.642 46 1.2 3 2
5 0.014 965 0.5 9 2
6 20.340 49 2.6 2 3
7 0.085 658 11.4 3 3
8 20.064 429 4.5 6 3

R-32/134a
1 0.229 09 1.9 1 1
2 0.094 074 0.25 3 1
3 0.000 398 76 0.07 8 1
4 0.021 113 2.0 1 2

R-125/134a, R-125/143a, R-134a/143a, R-134a/152a
1 20.013 073 7.4 1 1
2 0.018 259 0.35 3 1
3 0.000 008 1299 10.0 11 2
4 0.007 8496 5.3 2 3
. Data, Vol. 33, No. 2, 2004
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Three excess functions were developed for the mixtu
studied in this work. The excess function for the mixtu
Helmholtz energy for these three models is expressed as

aE

RT
5aE~d,t,x!

5 (
i 51

m21

(
j 5 i 11

m

xixjFi j (
k

Nkd
dkt tk exp~2d l k!. ~7!

Values of the coefficients and exponents of this equation
given in Table 2. The generalized factors and mixture para
eters,Fi j , z i j andj i j , are given in Table 3.

The coefficients and exponents of Eq.~7! were obtained
from nonlinear regression of experimental mixture data us
fitting techniques similar to those applied to the developm
of the R-125 and R-143a equations of state given in Tabl
Additional details of the nonlinear fitting process are given
the respective papers for these two pure fluids. By includ
the exponents of Eq.~7! as nonlinear fitting parameters, th
final equation was given additional degrees of freedom t
are not normally available in linear least squares fits. In p
ticular, the noninteger exponenttk is flexible enough to de-
crease the number of terms required to achieve the s
accuracy as fits from linear least squares applications.
physical behavior of the equation was carefully monitor
during the fitting process using graphical techniques. De
able characteristics of the final equation include the ability
produce correct calculated properties within the ranges
temperature and pressure defined by experimental data
to extrapolate to reasonable limits outside those experime
ranges. In addition, the equation is designed to exclude
which contain systematic behavior caused by experime
error.

For the most part, the mixture model was fitted to expe
mental values of single phasep–r –T and isochoric heat
capacity data and a few selected values of the bubble p
pressures. Since the calculation of the bubble point pres

TABLE 3. Parameters of the mixture equations

Binary mixture z i j ~K! j i j ~dm3
•mol21! Fi j

R-32/125 28.95 20.006 008 1.0
R-32/134a 7.909 20.002 039 1.0
R-125/134a 20.4326 20.000 3453 1.0
R-125/143a 5.551 20.000 4452 1.1697
R-134a/143a 2.324 0.000 6182 0.555
R-134a/152a 4.202 0.004 223 2.0



a
a
r
th
-

io
e

a
-
tu
to

ca

m-

n-
in

he

ture

for

for

pa-
of
n

dy-

on,

ic
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requires an iterative solution, the number of fitted values w
kept at a minimum, although comparisons were made to
values upon completion of each fit. The fitted data were ca
fully weighted such that a balance was obtained among
uncertainty of each data type~e.g., density versus heat ca
pacity!, the number of data points in a set, and the reg
where the data are located on the thermodynamic surfac

The equations used for calculating pressure~p!, compress-
ibility factor ~Z!, internal energy~u!, enthalpy~h!, entropy
~s!, Gibbs energy~g!, isochoric heat capacity (cv), isobaric
heat capacity (cp), and the speed of sound~w! are given in
Eqs.~8!–~15!.

Z5
p

rRT
511dS ]a r

]d D
t

, ~8!

u

RT
5tF S ]a0

]t D
d

1S ]a r

]t D
d
G , ~9!

h

RT
5tF S ]a0

]t D
d

1S ]a r

]t D
d
G1dS ]a r

]d D
t

11, ~10!

s

R
5tF S ]a0

]t D
d

1S ]a r

]t D
d
G2a02a r , ~11!

g

RT
511a01a r1dS ]a r

]d D
t

, ~12!

cv

R
52t2F S ]2a0

]t2 D
d

1S ]2a r

]t2 D
d
G , ~13!

cp

R
5

cv

R
1

F11dS ]a r

]d D
t

2dtS ]2a r

]d]t D G2

F112dS ]a r

]d D
t

1d2S ]2a r

]d2 D
t
G , ~14!

w2M

RT
5

cp

cv
F112dS ]a r

]d D
t

1d2S ]2a r

]d2 D
t
G , ~15!

The first derivative of pressure with respect to density
constant temperature (]p/]r)T , second derivative of pres
sure with respect to density at constant tempera
(]2p/]r2)T , and first derivative of pressure with respect
temperature at constant density (]p/]T)r are given in

S ]p

]r D
T

5RTF112dS ]a r

]d D
t

1d2S ]2a r

]d2 D
t
G , ~16!

S ]2p

]r2D
T

5
RT

r F2dS ]a r

]d D
t

14d2S ]2a r

]d2 D
t

1d3S ]3a r

]d3 D
t
G ,

~17!

S ]p

]TD
r

5RrF11dS ]a r

]d D
t

2dtS ]2a r

]d]t D G . ~18!

The ideal gas and residual Helmholtz energy required to
culate all single phase thermodynamic properties given
Eqs.~8!–~18! above are
s
ll

e-
e

n
.

t

re

l-
in

a05(
i 51

m

xiFai
0~r,T!

RT
1 ln xi G ~19!

and

a r5(
i 51

m

xia i
r~d,t!1aE~d,t,x!, ~20!

wherea i
r is the reduced residual Helmholtz energy of co

ponenti.
If equations for the ideal gas Helmholtz energy in the no

dimensional formai
0(d,t) are used rather than equations

the dimensional formai
0(r,T) as indicated by Eq.~19!, the

following reducing variables:

d5r/rci
~21!

and

t5Tci
/T, ~22!

rather than the reducing values defined by Eqs.~3! and ~4!,
should typically be used in the ideal gas equation.@This does
not apply to the residual part of the Helmholtz energy; t
residual and excess termsa i

r(d,t) andaE(d,t,x) in Eq. ~20!
must be evaluated at the reduced state point of the mix
defined by Eqs.~3! and ~4!.# This complication is avoided
through the use of the classical dimensional equations
functions involving the ideal gas heat capacity, such as

a052RT1RT ln
rT

r0T0
1h0i

0 2Ts0i
0 1E

T0

T

cpi
0 dT

2TE
T0

T cpi
0

T
dT. ~23!

The following dimensional form~with density expressed in
moles per cubic decimeter and temperature in Kelvins! and
the associated coefficients given in Table 4 can be used
this purpose:

ai
0

RT
5e11

e2

T
1 ln r1~12c0!ln T2(

k
ckF 1

tk11GF 1

tk
GTtk

1(
k

ak lnF12expS 2
bk

T D G . ~24!

Equations of the form

a05 ln d1N0 ln t1(
i 51

n

Nit
i1... ~25!

are derived from dimensional equations, and the critical
rameters of the pure fluids are built into the coefficients
the equations. Additional information on the mixing functio
and its derivatives, as well as formulas for other thermo
namic properties, can be found in Lemmonet al. ~2000!,
which presents an equation for mixtures of nitrogen, arg
and oxygen.

2.1. Vapor–Liquid Equilibrium „VLE… Properties

In a two-phase nonreacting mixture, the thermodynam
constraints for vapor–liquid equilibrium~VLE! are

T85T95T, ~26!
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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p85p95p, ~27!

and

m i85m i9 , i 51,2,...,m, ~28!

where the superscripts8 and9, respectively, refer to the liquid
and vapor phases. Equation~28! is equivalent to equating th
fugacities of the coexisting liquid and vapor phases for e
component in the mixture

f i85 f i9 . ~29!

The chemical potential of componenti in a mixture is

m i~r,T!5S ]A

]ni
D

T,V,nj Þ i

5m i
c~T!1RT ln~ f i !, ~30!

wherem i
c(T) is a function of temperature only and the not

tion nj Þ i indicates that all mole numbers are held const
exceptni . The chemical potential in an ideal gas mixture

m i
05S ]A0

]ni
D

T,V,nj Þ i

5m i
c~T!1RT ln~ f i

0!, ~31!

where f i
0 is the ideal gas partial pressure of constitueni,

xip
05xirRT. Subtracting Eq.~30! from Eq. ~31! and solv-

ing for f i results in

TABLE 4. Coefficients and exponents of the ideal gas equations for the
fluids

R-32
c054.004 486
a151.160 761 b15798
a252.645 151 b254185
a355.794 987 b351806
a451.129 475 b45115 10
e157.254 707 84 e252231.55735

R-125
c153.063 t150.1
a252.303 b25314.0
a355.086 b35756.0
a457.300 b451707.0
e1529.876 6745 e253013.2267

R-134a
c0520.629 789
c150.377 018 08 t150.5
c250.060 585 489 t250.75
e15212.280 8002 e253385.257 07

R-143a
c151.0578 t150.33
a254.4402 b251791
a353.7515 b35823
e1521.577 780 74 e252527.263 78

R-152a
c053.354 952
c150.010 986 49 t151
c252.501 61631025 t252
c3522.787 44531028 t353
e154.360 056 e252654.673 62
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
h

t

f i5xirRTexpS ]~na r !

]ni
D

T,V,nj Þ i

, ~32!

wherea r was defined in Eq.~20!. The partial derivative at
constant temperature, constant total volume~not molar vol-
ume!, and constant mole numbers of all constituents excei
is generally evaluated numerically.

3. Comparisons to Data

The uncertainties of calculated values of various prop
ties are determined by comparisons with measured val
Statistical analyses are used to determine the overall
mated accuracy of the model, and to define the range
estimated uncertainties for various properties calculated w
the formulation. Summary comparisons of values calcula
using the mixture equation to data forp–r –T, heat capacity,
and sound speed, as well as second virial coefficients
VLE information for refrigerant mixtures are given in Tab
5, along with the temperature range of the data and the c
position range for the first component listed. Bubble or d
point densities are included asp–r –T data, with the bubble
or dew point pressure calculated from the mixture model.
further distinction is made between single phase dens
and saturated densities. Compositions for VLE data
bubble point compositions except for datasets where only
vapor phase compositions were reported.

In a few cases, individual data points were eliminat
from the comparisons when the deviation for a particu
point was much higher than those for other points by
same author in the same region. For density, individual d
points were typically deleted when the deviation exceed
10%. This eliminates the likelihood of including in the com
parisons data points that are in error or are reported in
rectly, including obvious typographical errors in publish
manuscripts. However, when the deviations slowly increa
point by point, showing potentially systematic increasing d
ferences in a particular region, these data points were le
the comparisons.

The statistics used to evaluate the equation are base
the percent deviation for any property,X,

%DX5100S Xdata2Xcalc

Xdata
D . ~33!

Using this definition, the average absolute deviation~AAD !
in Table 5 is defined as

AAD5
1

n (
i 51

n

u%DXi u, ~34!

wheren is the number of data points. The comparisons giv
in the sections below for the various binary and ternary m
tures compare the equation of state to the experimental
by the use of the average absolute deviation as given by
~34!. Discussions of maximum errors or of systematic offs
always use the absolute values of the deviations.

re
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TABLE 5. Summary comparisons of mixture properties calculated from the model to refrigerant mixture data

Author
No.

points

Temperature
range
~K!

Pressure
range
~MPa!

Density
range

~mol/dm3!

Composition
range~mole

fraction!a
AADb

~%!

R-32Õ125—prT
Benmansour and Richon~1997! 12 909 253–333 0.14–19.1 0.066–17.9 0.696 0.2
Benmansour and Richon~1999a! 26 777 253–333 0.108–20 0.049–18.3 0.093–0.885 0.6
Higashi ~1997!c 23 323–346 3.01–5.07 1.98–10.7 0.497–0.776 5.0
Holcombet al. ~1998! 45 279–341 0.896–4.61 0.719–19.3 0.237–0.956 0.9
Kishizawaet al. ~1999!c 34 339–344 3.90–4.90 4.47–8.62 0.204–0.700 5.6
Kiyoura et al. ~1996! 94 330–440 1.83–5.24 0.829–1.72 0.367–0.606 0.1
Kleemiss~1997! 415 243–413 0.019–17.1 0.007–16.2 0.503–0.508 0.0
Magee~2002! 235 200–400 4.07–35.3 8.58–19.6 0.698 0.04
Magee and Haynes~2000! 228 200–400 2.57–35.3 1.06–17.4 0.5 0.04
Oguchiet al. ~1995! 6 355–430 6.31–16.9 8.34–8.37 0.874 0.12
Perkins~2002! 411 300–398 3.85–19.1 6.54–14.8 0.698 0.11
Piaoet al. ~1996! 543 263–393 0.54–15 0.286–17.4 0.366–0.902 0.2
Satoet al. ~1996! 156 320–440 1.78–5.27 0.836–1.72 0.698–0.902 0.1
Weber~2000! 90 295–334 1.45–3.98 0.777–16.9 0.416–0.885 0.6
Weber and Defibaugh~1994! 17 338–373 0.304–4.23 0.106–1.91 0.546 0.18
Widiatmo et al. ~1993! 24 280–310 0.884–2.31 10.2–18.2 0.204–0.902 0.0
Zhanget al. ~1996! 124 300–380 0.094–4.6 0.03–2.02 0.5–0.698 0.0
R-32Õ125—VLE
Benmansour and Richon~1997! 18 253–333 0.385–3.83 0.696 1.27
Benmansour and Richon~1999a! 33 253–333 0.358–3.9 0.093–0.885 0.51
Defibaugh and Morrison~1995! 10 249–338 0.348–4.3 0.763 0.339
Fujiwaraet al. ~1992! 8 273 0.691–0.818 0.055–0.895 2.03
Higashi ~1997! 22 283–313 0.906–2.48 0.225–0.896 0.47
Holcombet al. ~1998! 30 280–340 0.83–4.58 0.339–0.948 0.25
Kato et al. ~2002! 39 318–349 2.35–5.27 0.111–0.953 1.85
Kleemiss~1997! 23 224–333 0.108–3.68 0.483–0.517 0.03
Nagel and Bier~1995! 34 205–345 0.038–5.05 0.241–0.951 0.41
Oguchiet al. ~1995! 11 250–350 0.361–5.65 0.874 0.288
Piaoet al. ~1996! 10 263–283 0.54–1.07 0.366–0.902 0.70
Takagiet al. ~1999! 47 248–333 0.284–3.93 0.269–0.941 0.99
Weber~2000! 90 295–334 1.45–3.98 0.416–0.885 0.27
Widiatmo et al. ~1993! 24 280–310 0.884–2.31 0.204–0.902 0.33
R-32Õ125—Second Virial Coefficient
Kiyoura et al. ~1996! 23 330–440 0.367–0.606 2.21
Satoet al. ~1996! 39 320–440 0.698–0.902 1.95
Weber and Defibaugh~1994! 3 338–373 0.546 3.15
R-32Õ125—Isochoric Heat Capacity
Magee~2000a! 111 208–345 11.4–17.1 0.5 0.448
Perkins~2002! 363 300–397 4.13–18.3 0.698 1.74
R-32Õ125—Isobaric Heat Capacity
Gunther and Steimle~1996! 89 203–313 0.434–0.874 0.855
R-32Õ125—Sound Speed
Hozumi et al. ~1995! 178 303–343 0.039–0.554 0.201–0.777 0.04
R-32Õ134a—prT
Benmansour and Richon~1999b! 19 714 253–333 0.095–18.8 0.042–19.7 0.131–0.889 0.3
Higashi ~1995!c 27 341–365 3.32–5.47 2.54–12.88 0.457–0.821 5.9
Holcombet al. ~1998! 44 279–340 0.523–4.29 0.805–17.2 0.13–0.973 1.1
Kleemiss~1997! 390 243–413 0.019–17.1 0.008–17.3 0.497–0.555 0.0
Magee and Haynes~2000! 461 200–400 2.7–35.5 1.1–18.5 0.329–0.5 0.07
Oguchiet al. ~1999! 61 310–473 0.286–16.7 0.115–12.9 0.392–0.887 0.3
Oguchiet al. ~1995! 53 238–473 0.135–15.3 2.01–18.8 0.274–0.71 0.2
Piaoet al. ~1996! 643 261–393 0.241–15 0.121–16.3 0.329–0.887 0.3
Satoet al. ~1994! 220 320–440 1.97–6.18 1–2.12 0.329–0.887 0.2
Weber and Defibaugh~1994! 17 338–373 0.33–4.3 0.121–2.18 0.508 0.90
Widiatmo et al. ~1994b! 30 280–340 0.577–3.1 11–18.6 0.329–0.887 0.1
Widiatmo et al. ~1997! 22 280–330 1–3.01 12–14.7 0.395 0.11
R-32Õ134a—VLE
Benmansour and Richon~1999b! 40 253–333 0.181–3.6 0.131–0.889 1.62
Chung and Kim~1997! 34 263–323 0.2–3.14 0.208–0.76 0.57
Defibaugh and Morrison~1995! 25 253–358 0.263–4.47 0.496–0.55 0.51
Fujiwaraet al. ~1992! 6 273 0.384–0.758 0.204–0.922 3.14
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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TABLE 5. Summary comparisons of mixture properties calculated from the model to refrigerant mixture data—Continued

Author
No.

points

Temperature
range
~K!

Pressure
range
~MPa!

Density
range

~mol/dm3!

Composition
range~mole

fraction!a
AADb

~%!

Higashi ~1995! 12 283–313 0.567–1.91 0.121–0.673 2.11
Holcombet al. ~1998! 48 280–340 0.379–4.56 0.162–0.783 0.42
Kim and Park~1999! 25 258–283 0.201–0.96 0.202–0.799 0.50
Kleemiss~1997! 16 223–343 0.073–3.15 0.419–0.517 0.34
Nagel and Bier~1995! 50 203–369 0.015–5.42 0.212–0.772 0.44
Oguchiet al. ~1999! 36 243–361 0.173–5.02 0.392–0.887 2.45
Oguchiet al. ~1995! 34 238–301 0.135–1.29 0.274–0.71 1.05
Piaoet al. ~1996! 10 261–283 0.241–0.93 0.329–0.887 0.41
Shimawakiet al. ~2002! 40 263–293 0.252–1.4 0.135–0.923 0.49
Takagiet al. ~1999! 35 243–333 0.084–3.34 0.184–0.808 2.06
Widiatmo et al. ~1994b! 30 280–340 0.577–3.1 0.329–0.887 1.70
R-32Õ134a—Second Virial Coefficient
Satoet al. ~1994! 57 320–440 0.329–0.887 2.91
Tack and Bier~1997! 10 333–398 0.482–0.5 3.48
Weber and Defibaugh~1994! 3 338–373 0.508 7.74
R-32Õ134a—Isochoric Heat Capacity
Magee~2000a! 131 205–343 13.2–18.4 0.5 0.311
R32Õ134a—Isobaric Heat Capacity
Gunther and Steimle~1996! 96 203–323 0.397–0.882 1.43
R-32Õ134a—Sound Speed
Hozumi et al. ~1995! 193 303–343 0.031–0.241 0.155–0.896 0.01
R-125Õ134a—prT
Benmansour and Richon~1999d! 11 153 253–303 0.034–20.3 0.016–13.4 0.131–0.942 0.2
Higashi ~1999b!c 30 334–365 2.70–3.99 1.85–8.78 0.267–0.665 5.64
Holcombet al. ~1998! 17 280–342 0.537–2.55 0.529–11.9 0.35–0.72 0.23
Kleemiss~1997! 407 243–413 0.019–17.1 0.008–13.2 0.5–0.51 0.04
Magee and Haynes~2000! 268 200–400 2.84–35.5 1.66–14.1 0.5 0.10
Weber and Defibaugh~1994! 18 303–373 0.17–4.03 0.069–2.22 0.495 0.26
Widiatmo et al. ~1997! 149 280–350 1–3.02 8–12.4 0.087–0.923 0.08
Yokoyamaet al. ~2000! 341 298–423 0.101–6.62 0.029–4.49 0.251–0.751 0.8
R-125Õ134a—VLE
Benmansour and Richon~1999d! 23 253–303 0.147–1.5 0.131–0.942 1.41
Higashi ~1999b! 15 283–313 0.517–1.73 0.179–0.776 1.10
Higuchi and Higashi~1995! 25 283–313 0.412–2 0.179–0.776 0.848
Holcombet al. ~1998! 40 280–340 0.379–3.63 0.259–0.649 0.55
Kim and Park~1999! 35 263–303 0.201–1.57 0–0.814 0.552
Kleemiss~1997! 24 224–343 0.066–2.9 0.461–0.514 0.30
Nagel and Bier~1995! 31 206–365 0.017–3.97 0.254–0.749 0.27
Widiatmo et al. ~1997! 36 280–350 0.425–2.97 0.087–0.923 1.28
R-125Õ134a—Second Virial Coefficient
Weber and Defibaugh~1994! 4 323–373 0.495 2.53
R-125Õ134a—Isochoric Heat Capacity
Magee~2000a! 94 206–345 10–14 0.5 0.375
R-125Õ134a—Isobaric Heat Capacity
Gunther and Steimle~1996! 73 203–323 0.222–0.719 0.877
R-125Õ134a—Sound Speed
Hozumi ~1996! 81 303–343 0.041–0.529 0.349–0.694 0.02
R-125Õ143a—prT
Higashi ~1999c!c 30 325–342 2.44–3.71 1.99–8.98 0.412–0.620 2.25
Holcombet al. ~1998! 14 280–328 0.798–2.56 0.612–11.5 0.35–0.672 0.99
Ikeda and Higashi~1995!c 14 325–344 2.46–3.71 2.29–8.98 0.412 2.13
Kishizawaet al. ~1999!c 19 340–344 3.45–3.71 2.94–6.89 0.412 3.95
Kleemiss~1997! 151 243–373 1.6–17.1 6.41–13.2 .504 0.03
Magee and Haynes~2000! 281 200–400 2.13–35.4 0.881–14.1 0.5 0.07
Uchidaet al. ~1999!c 7 308–341 1.65–3.48 0.931–3.03 0.412 0.95
Weber and Defibaugh~1994! 27 333–373 0.218–3.27 0.08–1.45 0.509 0.32
Widiatmo et al. ~1994a!c 37 280–330 0.1–0.199 8.16–11.8 0.073–0.863 0.24
Zhanget al. ~1998! 205 305–390 0.115–4.76 0.037–2.53 0.273–0.737 0.1
R-125Õ143a—VLE
Higashi ~1999c! 18 273–313 0.622–2.01 0.151–0.759 1.60
Holcombet al. ~1998! 36 280–326 0.767–2.64 0.287–0.65 0.83
Kleemiss~1997! 16 223–338 0.086–3.3 0.461–0.499 0.30
Nagel and Bier~1996! 19 205–343 0.032–3.69 0.493–0.503 0.13
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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TABLE 5. Summary comparisons of mixture properties calculated from the model to refrigerant mixture data—Continued

Author
No.

points

Temperature
range
~K!

Pressure
range
~MPa!

Density
range

~mol/dm3!

Composition
range~mole

fraction!a
AADb

~%!

Uchidaet al. ~1999! 7 308–341 1.65–3.47 0.412 0.301
Widiatmo et al. ~1994a! 34 280–330 0.773–2.83 0.073–0.863 0.80
R-125Õ143a—Second Virial Coefficient
Tack and Bier~1997! 6 333–398 0.493–0.515 7.42
Uchidaet al. ~1999! 8 330–400 0.412 4.66
Weber and Defibaugh~1994! 5 333–373 0.509 5.29
R-125Õ143a—Isochoric Heat Capacity
Magee~2000a! 109 205–344 9.89–14 0.5 0.550
R-125Õ143a—Isobaric Heat Capacity
Gunther and Steimle~1996! 73 203–318 0.193–0.671 0.832
R-125Õ143a—Sound Speed
Ichikawaet al. ~1998! 142 303–343 0.04–0.549 0.2–0.803 0.01
R-134aÕ143a—prT
Holcombet al. ~1998! 17 280–343 0.522–2.82 0.662–12.3 0.282–0.65 1.3
Kleemiss~1997! 377 243–413 0.092–17.1 0.032–13.9 0.492–0.501 0.0
R-134aÕ143a—VLE
Higuchi ~1997! 9 273–313 0.388–1.6 0.294–0.751 3.80
Holcombet al. ~1998! 40 280–340 0.379–3.32 0.35–0.835 0.54
Kim et al. ~2000! 54 263–313 0.2–1.83 0.079–0.92 0.41
Kleemiss~1997! 18 223–354 0.059–3.39 0.502–0.522 0.14
Kubota and Matsumoto~1993! 41 278–333 0.35–2.88 0.145–0.891 0.95
Lim et al. ~2002! 35 273–313 0.294–1.83 0.081–0.905 0.75
Nagel and Bier~1996! 12 205–361 0.021–3.94 0.504–0.526 0.68
R-134aÕ152a—prT
Dressner and Bier~1993! 139 333–423 0.281–56 0.083–12.1 0.485–0.538 0.1
Tillner-Roth ~1993! 1721 243–433 0.089–16.9 0.028–15.3 0.248–0.751 0.0
Weber and Defibaugh~1994! 11 353–373 0.268–3.17 0.094–1.69 0.497 0.16
R-134aÕ152a—VLE
Defibaugh and Morrison~1995! 13 248–368 0.104–3.43 0.777 0.719
Kleiber ~1994! 25 255–298 0.131–0.662 0.315–0.978 0.82
Sandet al. ~1994! 4 273 0.271–0.286 0.118–0.758 2.44
Tillner-Roth ~1993! 23 313–378 0.926–4.09 0.23–0.75 0.25
R-134aÕ152a—Second Virial Coefficient
Schrammet al. ~1992! 7 233–473 11.2
Weber and Defibaugh~1994! 2 353–373 0.497 5.40
R-134aÕ152a—Isobaric Heat Capacity
Gunther and Steimle~1996! 32 203–323 0.138–0.72 2.64
Tuerk et al. ~1996! 49 298–423 0.1–2.5 0.5 0.370
R-134aÕ152a—Sound Speed
Beliajevaet al. ~1999! 329 230–350 0.456–16.5 0.128–0.688 0.26
Grebenkovet al. ~1994! 120 230–336 0.57–19 0.688 0.267
R-32Õ125Õ134a—prT
Benmansour and Richon~1998! 11 623 253–333 0.12–15.2 0.058–15.5 0.377 0.1
Benmansour and Richon~1999c! 4067 253–303 0.028–17.1 0.012–15 0.105–0.469 0.2
Higashi ~1999a!c 16 341–359 3.27–4.64 2.64–10.4 0.381 7.47
Holcombet al. ~1998! 42 244–346 0.229–3.93 0.711–15.3 0.2–0.676 1.5
Hurly et al. ~1997! 88 313–453 0.321–7.79 0.086–2.76 0.346 0.21
Ikeda and Higashi~1995! 16 341–359 3.27–4.10 2.64–10.4 0.381 6.81
Kiyoura et al. ~1996! 105 315–440 1.57–5.75 0.767–2.07 0.381–0.515 0.5
Kleemiss~1997! 369 243–413 0.026–17.1 0.009–15.4 0.334–0.348 0.0
Magee~2000b! 352 200–400 2.97–35.2 1.58–17.1 0.334–0.381 0.1
Oguchiet al. ~1995! 12 365–430 5.19–12.4 5.86–6.22 0.38–0.471 0.2
Piaoet al. ~1996! 1025 263–393 0.447–15 0.209–15.2 0.186–0.473 0.2
Widiatmo et al. ~1997! 76 280–340 0.724–3.24 10.4–14.9 0.347–0.464 0.1
R-32Õ125Õ134a—VLE
Benmansour and Richon~1998! 18 253–333 0.212–2.72 0.377 2.14
Benmansour and Richon~1999c! 9 253–303 0.25–1.39 0.105–0.335 2.21
Higuchi ~1997! 72 273–323 0.556–2.73 0.173–0.54 0.92
Holcombet al. ~1998! 58 221–345 0.073–3.93 0.045–0.599 0.91
Kleemiss~1997! 44 222–353 0.074–4.2 0.144–0.661 0.35
Nagel and Bier~1995! 29 205–362 0.026–4.77 0.187–0.434 0.25
Piaoet al. ~1996! 31 270–326 0.448–2.41 0.317–0.381 0.65
Widiatmo et al. ~1997! 20 280–340 0.724–3.24 0.347–0.464 0.95
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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TABLE 5. Summary comparisons of mixture properties calculated from the model to refrigerant mixture data—Continued

Author
No.

points

Temperature
range
~K!

Pressure
range
~MPa!

Density
range

~mol/dm3!

Composition
range~mole

fraction!a
AADb

~%!

R-32Õ125Õ134a—Second Virial Coefficient
Hozumi et al. ~1995! 11 340–440 0.23 8.48
Kiyoura et al. ~1996! 11 340–440 0.381 2.76
R-32Õ125Õ134a—Isochoric Heat Capacity
Magee~2000b! 147 203–345 11.5–17.1 0.334–0.381 0.28
R-32Õ125Õ134a—Isobaric Heat Capacity
Gunther and Steimle~1996! 48 203–318 0.346–0.381 0.766
R-32Õ125Õ134a—Sound Speed
Hozumi ~1996! 27 303–343 0.045–0.537 0.34 0.016
Hurly et al. ~1997! 361 260–400 0.051–0.982 0.346 0.009
R-125Õ134aÕ143a—prT
Bouchot and Richon~1998! 1644 253–333 0.004–18.7 0.002–13.1 0.358 0.29
Fujiwaraet al. ~1998! 162 263–403 1.5–15 0.482–12.8 0.358 0.30
Kleemiss~1997! 196 243–373 1.4–17.1 6.15–13.4 0.341 0.03
R-125Õ134aÕ143a—VLE
Bouchot and Richon~1998! 16 253–333 0.3–2.88 0.358 0.486
Higuchi ~1997! 22 273–313 0.597–1.88 0.338–0.356 1.23
Kleemiss~1997! 26 224–345 0.07–3.15 0.316–0.331 0.24
Nagel and Bier~1996! 13 205–364 0.017–3.96 0.159–0.172 0.57
R-125Õ134aÕ143a—Isobaric Heat Capacity
Gunther and Steimle~1996! 24 203–318 0.358 1.69

aComposition range is listed for the first component.
bAverage absolute deviation in density forp–r –T data and in bubble point pressure for VLE data. For second virial coefficients, numbers given are a
absolute differences~cm3/mol!.

cSaturated liquid or vapor densities.
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The comparisons of the mixture model to experimen
data exhibit many general trends, as shown in the figu
presented in this section. In these figures, data of a g
type are separated into temperature increments of 10
where the temperatures listed at the top of each small plo
the lower bounds of these ranges. Comparisons toprT data
focus for the most part on deviations in density, given inp
of pressure and temperature. However, in the critical reg
deviations in density are generally higher than in the liq
or vapor phase at states away from the critical point, a
several of the systems described below include comparis
based on deviations in pressure, given inputs of density
temperature. Such comparisons are typical for equation
state for both pure fluids and mixtures, and are not specifi
the model presented here. The artificially large deviations
an artifact in the calculation of deviations caused by the f
that dp/dr is nearly zero in the critical region. For the VL
data, the comparisons given in the following sections fo
on the relative deviation in bubble point pressure. There
some VLE systems for which only the vapor phase com
sitions were reported, and the relative deviation in bub
point pressure is replaced with the relative deviation in d
point pressure in such cases.

3.1. The R-32Õ125 System

The R-32/125 system is perhaps the most widely stud
system of all mixtures that have ever been measured, e
compared to the well measured systems methane/eth
nitrogen/argon, and dry air. The data span the entire com
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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sition range and were measured at temperatures and
sures that cover nearly the entire range of practical fl
states. Further experimental data for the region at temp
tures above 380 K would be of use for verifying the accura
of the mixture model in this region.

Comparisons of experimental density data for the R-
125 binary mixture to the mixture model are shown in Fig.
For the datasets of Benmansour and Richon~1997, 1999a!,
only one out of every 50 points is shown due to the ve
large number of data points published by these authors.
of the temperature, pressure, and composition ranges cov
by Benmansour and Richon are shown in the figures, but
smaller set used for plotting allows the symbol shapes to
seen in the plots. In the liquid phase at temperatures be
360 K, the datasets of Kleemiss~1997!, Magee and Haynes
~2000!, and Magee~2002! are represented on average
within 0.03%. The equation represents the data of Widiat
et al. ~1993!, Piaoet al. ~1996!, Perkins~2002!, and Weber
and Defibaugh~1994! with average deviations of 0.1%
Comparisons with the data of Benmansour and Rich
~1997, 1999a! show slightly higher deviations~about
0.17%!. The data of Benmansour and Richon~1999a! ~in the
liquid phase! agree favorably with the equation, except f
the data at 330 K, which have a systematic offset of ab
0.3% and do not agree with other data at this temperat
The AAD for this dataset in the liquid is 0.06% if the data
330 K are omitted. The data of Piaoet al. show systematic
offsets near 263 and 273 K~disagreeing with other data in
the same region and composition!, but the average differ-
ences fall to 0.08% at higher temperatures.
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FIG. 1. Comparisons of densities calculated with the mixture model to experimental data for the R-32/125 binary mixture.
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The scatter between various experimental datasets is m
higher in the vapor region than in the liquid. Calculated v
ues from the equation exhibit deviations between 0.02%
0.18% on average from the data of Kleemiss~1997! ~0.02%!,
ch
-
d

Kiyoura et al. ~1996!, Sato et al. ~1996!, Weber and
Defibaugh~1994!, and Zhanget al. ~1996!. Differences are
greater for other datasets.

Above 360 K, deviations in the area near the critical po
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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FIG. 2. Comparisons of bubble poin
pressures calculated with the mixtur
model to experimental data for the
R-32/125 binary mixture.
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and at higher temperatures tend to increase, with the m
mum errors in the datasets of Kiyouraet al. ~1996! and Sato
et al. ~1996! reaching 0.3% in density. Comparisons with t
data of Kleemiss~1997! show smaller differences, but eve
for this dataset, the model shows offsets of 0.15% at
highest temperatures. As stated previously, in the close vi
ity of the critical point, it is not useful to compare deviation
in density, because a slight error in pressure in this reg
can be accompanied by large errors in the density, with
ferences easily exceeding 5%. Deviations in pressure
more meaningful as a measure of the physical behavio
the model. Above 340 K, the average absolute deviation
pressure is approximately 0.1% for all datasets. Even as
critical points of the mixtures at different compositions a
approached~339–351 K, 3.6–5.8 MPa!, the maximum de-
viations do not exceed approximately 0.3% in pressure.
the commercial mixture R-410A~the 50/50 by mass mixture
of R-32 and R-125!, there are four datasets within the regio
4–10 mol/dm3: Kishizawaet al. ~1999!, Magee~2002!, Per-
kins ~2002!, and Piaoet al. ~1996!, with the data of Kish-
izawaet al. and of Perkins measured near the critical poi
The equation shows close agreement with the data of
kins, with an average deviation of 0.16% in density~includ-
ing the very near critical region! and 0.07% in pressure.

Comparisons to bubble point pressures are shown in
2. Eliminating the data points that fall substantially outsi
the main body of VLE data in terms of their deviations fro
the mixture model, bubble point pressures are represente
average to within 0.4%. The data of Kleemiss~1997!, which
are represented with an AAD of 0.05%, were the prima
data used in the development of the model given here. H
ever, nearly all of the other data points from various auth
are represented within a band of61%. Other datasets tha
agree well with the data of Kleemiss include those
Defibaugh and Morrison~1995!, 0.26%; Holcombet al.
~1998!, 0.27%; Weber~2000!, 0.32%; Oguchiet al. ~1995!,
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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0.36%; and Widiatmoet al. ~1993!, 0.4%. No systematic off-
sets are seen in the comparisons. In the few cases where
bubble and dew point compositions are given, differen
between the calculated and experimental dew point com
sitions are generally within 0.005 mole fraction, where t
dew point compositions~and mixture pressure! were calcu-
lated given the mixture temperature and bubble point co
positions.

3.2. The R-32Õ134a System

Comparisons of calculated mixture densities to expe
mental density data for the R-32/134a binary mixture
shown in Fig. 3. For the dataset of Benmansour and Ric
~1999b!, only one out of every 20 points is shown~similar to
that for the R-32/125 mixture! due to the very large numbe
of data points published by these authors. The data of K
miss ~1997! and of Magee and Haynes~2000! are repre-
sented on average to within 0.06%. Between 210 and 360
the average representation is 0.024%. The data of Magee
Haynes between 200 and 210 K for the 0.33 mole fraction
R-32 show an offset of 0.3%; similar offsets were seen
other models, including that of Tillner-Rothet al. ~1998!
published by the JSRAE, and in the earlier model of Le
mon and Jacobsen~1999!. The liquid phase data of Benman
sour and Richon are represented with an average differe
of 0.09%~excluding the data at 330 K, similar to that don
for the R-32/125 mixture!. The vapor phase data of Kleemis
at 370 and 390 K cannot both be represented simultaneo
within the stated experimental accuracy of the data. In t
work, the equation is biased towards the data at 390 K, ca
ing the higher deviations of calculated values at 370 K. E
cluding the data at 273 and 283 K~which appear to be in
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FIG. 3. Comparisons of densities calculated with the mixture model to experimental data for the R-32/134a binary mixture.
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error with deviations greater than 1%! at a composition of
0.45 mole fraction of R-32, values from the equation devi
from the data of Piaoet al. below 360 K on average by
0.21%. The data of Piaoet al. above 360 K show increasin
scatter due to the complexity of modeling and measuring
e

e

critical region. Below 330 K in the vapor phase, the data
Oguchi et al. ~1995! and Widiatmo et al. ~1994b, 1997!
show average deviations of 0.1%. Above 330 K, in the a
around the critical region, the scatter in the data and
deviations from the equation increase substantially. Dev
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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FIG. 4. Comparisons of bubble poin
pressures calculated with the mixtur
model to experimental data for the
R-32/134a binary mixture.
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tions between the equation and the data of Oguchiet al.
~1995, 1999!, Satoet al. ~1994!, and Weber and Defibaug
~1994! are about 0.3%, including some systematic diff
ences.

Comparisons to VLE data~see Fig. 4! for the R-32/134a
system show nearly the same trends as those for the R
125 system. In a similar fashion~eliminating the extraneou
data points outside the main group of data!, VLE data are
generally represented with an AAD of 0.6%. All of th
datasets appear to be of similar quality. Average differen
are 0.38%, 0.41%, 0.50%, and 0.57% for the datasets
Takagi et al. ~1999!, Piao et al. ~1996!, Kim and Park
~1999!, and Chung and Kim~1997!, respectively. For those
datasets that reported both liquid and vapor composition,
ferences for each data point in the dew point composition
generally about 0.006 mole fraction.

3.3. The R-125Õ134a, R-125Õ143a, R-134aÕ143a,
and R-134a Õ152a Systems

Calculated densities are compared to the experimental
for the R-125/134a binary mixture in Fig. 5. As was do
with the R-32/134a mixture, only one out of every 20 poin
are shown for the dataset of Benmansour and Ric
~1999d!. The data of Kleemiss~1997! and of Magee and
Haynes~2000! are represented on average to within 0.07
Below 360 K, the average deviation is 0.05%. In the liqu
phase at 240 K, there is a systematic offset of 0.06% c
pared to the data of Kleemiss. This offset decreases qui
with increasing temperature. The model deviates from
data of Benmansour and Richon in the liquid by 0.11%.
the vapor phase, the average absolute deviation of the e
tion from the data of Widiatmoet al. ~1997! is 0.09%. At the
highest temperatures above the critical point, differen
from the data of Kleemiss increase to a maximum of 0.2
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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at pressures around the critical pressure. Similar trends
found in the JSRAE model by Tillner-Rothet al. ~1998! at
the high temperatures, but with a maximum deviation
0.20%.

Comparisons of calculated values to the experimental d
sity data for the R-125/143a binary mixture are shown in F
6. Differences between the equation and the data of Kleem
~1997! and of Magee and Haynes~2000! are around 0.06%
Below 360 K, differences fall~on average! to 0.03% for
these two datasets. In the vapor phase, comparisons with
data of Widiatmo et al. ~1994a!, Weber and Defibaugh
~1994!, and Zhanget al. ~1998! show differences of 0.17%

Comparisons for the R-134a/143a system are shown
Fig. 7. Below 360 K, comparisons with the equation sho
differences~on average! of 0.03% in both the liquid and
vapor phases from the data of Kleemiss~1997!. Above 360
K, the differences increase at pressures near the critical p
sure of the mixture, but decrease to an average deviatio
0.1% in density at lower and higher pressures, including
data in the critical region. Similar comments can be ma
about the R-134a/152a system~see Fig. 8!. Differences be-
low 360 K, as well as at conditions above 360 K away fro
the critical pressure of the mixture, are about 0.06%. As
critical region is approached, differences increase up
0.5%. Although there are few publications of measureme
for this system, it was covered in detail by Tillner-Ro
~1993! for a wide range of temperature and pressure, and
several compositions~0.25, 0.50, and 0.75 mole fraction!.
These data are well represented by the model reported h

The comparisons to VLE data for the R-125/134a, R-1
143a, and R-134a/143a binary mixtures~see Fig. 9! are simi-
lar to those described above for the R-32/125 and R-32/1
systems. The average absolute deviation for each syste
approximately 0.5% in bubble point pressure. Comparis
with the dew point compositions are similar to those for t
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FIG. 5. Comparisons of densities calculated with the mixture model to experimental data for the R-125/134a binary mixture.
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other systems previously described. The R-134a/152a sy
shows similar trends above 270 K, but at lower temperatu
there is a systematic offset of calculated bubble point p
sures compared to the data of Defibaugh and Morri
~1995! and of Kleiber~1994!, with a maximum difference of
2.4% in pressure for both of these datasets.
em
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n

3.4. The Ternary Mixtures

The R-32/125/134a system is unique from a model
standpoint since it combines the three mixture equations~the
individual equations for R-32/125 and R-32/134a, and
generalized equation for R-125/134a!. No additional param-
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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FIG. 6. Comparisons of densities calculated with the mixture model to experimental data for the R-125/143a binary mixture.
g
om
ix
re

o

gee
f

of
and
nd
of
eters were required to model the ternary mixture, althou
slight systematic offsets are seen in several locations. C
parisons of the combined mixture model for this ternary m
ture are shown in Fig. 10. Similar to the R-32/125 mixtu
only one out of every 20 points is shown for the datasets
Benmansour and Richon~1998, 1999c!. In the liquid region
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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below 360 K, the equations represent the data of Ma
~2000b! and Kleemiss~1997! with an average deviation o
0.05%. At temperatures near 260 K, systematic offsets
0.04% and 0.08% are seen for the datasets of Kleemiss
Magee, respectively. The liquid data of Benmansour a
Richon ~1998! are represented by average deviations
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FIG. 7. Comparisons of densities calculated with the mixture model to experimental data for the R-134a/143a binary mixture.
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0.05% when the data at 330 K are eliminated~as was done
with the R-32/125 mixture!. In the vapor region~below 360
K!, differences are about 0.06% for the data of Kleemiss,
increase to 0.5% for the data of Benmansour and Ric
~1998! and of Piaoet al. ~1996!. Above 360 K, differences
continue to increase, with maximum deviations of 0.5%
the data of Kleemiss and higher for other datasets. The s
ter among data sets of various authors is greater than 0.5
density near the critical region as expected.

Figure 11 illustrates comparisons of VLE data for t
ut
n

r
at-
in

R-32/125/134a ternary mixture. Bubble point pressures
represented on average to within 0.7% and dew point co
position differences are within 0.005 mole fraction of R-3
Comparisons to the data of Nagel and Bier~1995! show
deviations of 0.26% and those with Piaoet al. ~1996! show
deviations of 0.66%.

Although the ternary mixture R-125/134a/143a has no
ditional fitted parameters, the properties of this system
represented with accuracies similar to those of the bin
mixtures. The experimental data of Kleemiss~1997! are rep-
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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FIG. 8. Comparisons of densities calculated with the mixture model to experimental data for the R-134a/152a binary mixture.
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resented on average by differences of 0.03%. Deviations
the data of Bouchot and Richon~1998! in the liquid phase
are 0.09%. Small systematic differences are evident in
comparisons given in Fig. 12, such as the offset of 0.05%
300 K. Trends above 360 K in the critical region are simi
to those described for the binary mixtures above. Figure
also includes comparisons of VLE data for the R-125/13
143a ternary mixture. There are very few phase equilibri
data for this mixture, but the data of Nagel and Bier~1996!
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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and those of Kleemiss~1997! are in agreement within abou
1% in bubble point pressure, with an AAD of 0.35%.

3.5. Other Thermodynamic Properties

The isochoric heat capacity has been measured by Ma
~2002! and Perkins~2002! for four of the binary mixtures:
R-32/125, R-32/134a, R-125/134a, and R-125/143a. Fig
13 compares values calculated from the model to these d
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FIG. 9. Comparisons of bubble point pressures calculated with the mixture model to experimental data for the R-125/134a, R-125/143a, R-134a
R-134a/152a binary mixtures.
th
en
ra
ar

ry
ms
heir
In addition, comparisons to the experimental data for
R-32/125/134a ternary mixture are shown in Fig. 14. In g
eral, the mixture model represents the data with an ave
absolute deviation between 0.3% and 0.5% for the bin
e
-
ge
y

mixtures, and 0.3% for the ternary mixture. There is ve
little systematic behavior in the deviations for the syste
studied, and the model represents the data to within t
experimental uncertainty.
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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FIG. 10. Comparisons of densities calculated with the mixture model to experimental data for the R-32/125/134a ternary mixture.
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Comparisons to the saturated liquid isobaric heat capa
data of Gunther and Steimle~1996! for the seven mixtures
that they studied show comparable deviations, with diff
ences generally less than 1% for most of the mixtures, ex
at the lowest temperatures~200 K! and near the critical re
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
ty

-
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gion ~wherecp tends to increase rapidly with increasing tem
perature!. The R-134a/152a system is the only exceptio
with deviations of less than 1% at the highest temperatu
but with steadily increasing deviations at lower temperatur
with a maximum of 5% at 200 K. This is the only syste



al-
ta
ry

613613EQUATION OF STATE OF REFRIGERANT MIXTURES
FIG. 11. Comparisons of bubble point pressures c
culated with the mixture model to experimental da
for the R-32/125/134a and R-125/134a/143a terna
mixtures.
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with vapor measurements, and the model represents t
data~Tuerk et al., 1996! with an average absolute deviatio
of 0.37%.

Speed of sound measurements in the vapor phase fo
R-32/125, R-32/134a, R-125/134a, R-125/143a, and R
125/134a mixtures were given by Hozumi~1996!, Hurly
et al. ~1997!, and Ichikawaet al. ~1998!. Comparisons of the
model to these data are shown in Fig. 15 for the bin
mixtures and Fig. 16 for the ternary mixture. The avera
absolute deviations for these systems range between 0.
and 0.04% in the speed of sound. In the liquid phase of
R-134a/152a system, the mixture model represents the s
of sound measurements of Beliajevaet al. ~1999! and
Grebenkovet al. ~1994! within an average absolute deviatio
of about 0.3%, as shown in Fig. 17.

4. Accuracy Assessment

Based on comparisons to experimental data, the uncer
ties of the equation are generally 0.1% in density, 0.5%
heat capacity and speed of sound, and 0.5% for calcul
bubble point pressures. The model is valid from 200 to 4
K up to 60 MPa as verified by experimental data. Althou
the equation was developed using mostly binary data,
accurate in calculating the properties of the two ternary m
tures for which data were available for comparison. It
expected that this result will apply to other ternary a
higher-order systems as well. Table 6 gives calculated va
from the model for computer code verification.

Graphical analyses of various properties were made
verify the behavior of the equations over their ranges of
lidity, especially for heat capacities in the liquid region, a
to test the extrapolation behavior of the equations. Figure
shows a typical example of the isobaric heat capacity as
plied to the equimolar mixture of R-32 and R-125~or
se

he
2/

y
e
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e
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R-410A!. Plots for the isochoric heat capacity and speed
sound showed similar physically correct behavior for diffe
ent systems at various compositions.

Future measurements are needed to confirm whether
equation is valid for predicting properties of other mixtur
and for calculating properties of states in regions not cove
by the experimental data used in the development of
model. Such data will enable continued evaluation and
finement of the model and modeling process. While ea
measurements of mixture properties were considered to
less accurate than those for pure substances, modern mi
data are now approaching the accuracy of measurement
the pure fluids. Refinements in the equations of state for b
pure substances and mixtures will improve the prediction
properties for fluid mixtures as they become more comm
as working fluids in engineered systems.

Comparisons were made to determine the sensitivity of
mixture model to the accuracies of the pure fluid equatio
of state used in its formulation. Two highly accurate equ
tions are available for R-143a: the equation of Lemmon a
Jacobsen~2000! used in this work and the equation of L
et al. ~1999!. The deviations between the equations and
experimental data are similar for both equations, and the
havior of derived properties such as the heat capacities s
similar trends. Replacing the equation of Lemmon and
cobsen with the equation of Liet al. showed virtually no
change in the deviations for the R134a/143a binary mixt
in terms of density or bubble point pressure. Likewise, d
ferences between the two equations for calculated value
heat capacity and speed of sound are less than 0.2% fo
binary mixture.

There are also two highly accurate equations available
R-125, the equation of Lemmon and Jacobsen~2004! and the
equation of Sunagaet al. ~1998!. The equation of Lemmon
and Jacobsen uses a new form of the equation of stat
eliminate the large calculated pressures~both negative and
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004



FIG. 12. Comparisons of densities calculated with the mixture model to experimental data for the R-125/134a/143a ternary mixture.
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positive values! typical of previous equations of state with
the two phase region. The two equations represent the liq
and vapor densities for the pure fluid with nearly the sa
deviations, but because recently measured data were
available to Sunagaet al., comparisons in the critical regio
are better for the equation of Lemmon and Jacobsen. C
parisons of the experimental data for the R-32/125 bin
mixture showed similar trends in density in the liquid a
vapor phases at temperatures away from the critical p
when the equation of Lemmon and Jacobsen was replace
the equation of Sunagaet al. However, at temperatures be
0047-2689Õ2004Õ33„2…Õ614Õ28Õ$39.00 614
id
e
ot

-
y

nt
by

tween 310 and 400 K differences ranged from 0.1% in d
sity at pressures greater than 5 MPa to 0.5% in densit
pressures between 2 and 5 MPa. At the critical point
R-410A~344.51 K, 4.9026 MPa!, the calculated critical den
sity differed by 17%. The equation of state of Lemmon a
Jacobsen~2004! for R-125 should be used with the mixtur
equations presented here to obtain the uncertainties s
earlier for the mixture model.

Although calculated densities and heat capacities in
liquid and vapor are generally quite similar between the n
mixture model presented here and the JSRAE mode
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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FIG. 13. Comparisons of isochoric heat capaciti
calculated with the mixture model to experiment
data for the R-32/125, R-32/134a, R-125/134a, a
R-125/143a binary mixtures.
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Tillner-Roth et al. ~1998!, deviations in the critical region
have been substantially improved by incorporating new
perimental data that were not available to Tillner-Rothet al.
For example, deviations for the older model exceed 0.5%
density at 330 K for the 0.7 R-32/0.3 R-125 mixture~for the
data of Magee, 2002! as shown in Fig. 19, although the d
viations are quite similar at a composition of 0.5/0.5@for the
data of Kleemiss~1997! and of Magee and Haynes~2000!#.
For the data of Zhanget al. ~1996!, the equimolar data show
similar comparisons, but higher deviations are observe
pressures near 3 MPa for the mixture containing 0.7 R-32
-

in

at
.3

R-125. In addition, plots of excess volumes reveal seve
differences between these two models. In particular, for
R-32/125 mixture at 250 K and 5 MPa, Figs. 20 and 21 sh
excess volumes and excess enthalpies over the full comp
tion range. Although the excess volumes are of similar m
nitudes at compositions of R-32 above 0.5 mole fraction,
data of Benmansour and Richon~1999a! confirm that the
excess volumes should be negative at mole fractions of 0
and 0.25 of R-32, as demonstrated by the new mixt
model. The model of Tillner-Rothet al. shows systematic
deviations for both the excess volume and excess entha
es
al
FIG. 14. Comparisons of isochoric heat capaciti
calculated with the mixture model to experiment
data for the R-32/125/134a ternary mixture.
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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616616 ERIC W. LEMMON AND RICHARD T JACOBSEN
FIG. 15. Comparisons of the speed of sound in t
vapor phase calculated with the mixture model
experimental data for the R-32/125, R-32/134
R-125/134a, and R-125/143a binary mixtures.

FIG. 16. Comparisons of the speed of sound in t
vapor phase calculated with the mixture model
experimental data for the R-32/125/134a terna
mixture.

FIG. 17. Comparisons of the speed of sound in t
liquid phase calculated with the mixture model t
experimental data for the R-134a/152a binary mi
ture.
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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617617EQUATION OF STATE OF REFRIGERANT MIXTURES
FIG. 18. Isobaric heat capacity versus temperature diagram for an equimolar mixture of R-32 and R-125.

TABLE 6. Calculated property values for computer code verification

Mixturea
Temp.

~K!
Density

~mol/dm3!
Pressure
~MPa!

Isochoric
heat

capacity
~J/~mol-K!!

Isobaric
heat

capacity
~J/~mol-K!!

Speed of
sound
~m/s!

Fugacity of
first

component
~MPa!

50/50 R-32/125 300 13. 3.602 891 76.647 14 133.4161 410.3700 0.760 4
300 0.9 1.639 941 75.115 26 113.2553 145.0593 0.664 93

b 343 5.8 4.570 375 109.5538 8875.064 99.953 04 1.609 64
50/50 R-32/134a 300 15. 11.681 28 71.035 76 113.8506 615.0602 0.872 4

300 0.5 1.018 672 66.892 97 90.353 74 167.3402 0.450 88
b 364 5.9 4.958 696 101.7819 2496.022 112.4511 1.955 38
50/50 R-125/134a 300 11. 3.475 706 96.946 10 151.7337 438.1132 0.631

300 0.4 0.834 4532 88.878 44 108.8584 136.5385 0.367 52
b 358 4.9 3.992 433 127.6533 3295.904 86.673 45 1.467 75
50/50 R-125/143a 300 11. 7.371 538 91.511 91 141.3994 445.2289 0.708

300 0.7 1.303 202 88.849 67 121.2343 130.5114 0.526 72
b 344 4.9 3.756 290 122.3978 7882.864 86.752 97 1.251 02
50/50 R-134a/143a 300 12. 9.548 637 88.066 94 132.5006 546.5012 0.409

300 0.4 0.826 9971 81.911 78 102.7968 149.4877 0.346 98
b 362 5.1 4.051 228 118.3833 3725.227 94.848 13 1.175 57
50/50 R-134a/152a 300 13. 9.867 019 85.804 24 127.7686 644.0166 0.403

300 0.3 0.636 7737 76.512 68 95.584 40 161.7513 0.277 96
b 381 5.2 4.320 773 113.1712 7407.069 104.4937 1.414 85
33/33/34 R-32/125/134a 300 13. 7.889 929 81.346 85 129.4822 508.7768 0.547

300 0.5 1.023 377 75.543 10 97.923 34 151.3492 0.299 17
33/33/34 R-125/134a/143a 300 11. 2.309 797 92.743 34 148.5144 418.3732 0.389

300 0.5 0.997 6918 86.918 85 111.2741 138.1841 0.281 59

aCompositions are given in mole percent.
bCalculated state point is near the critical point.
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FIG. 19. Comparisons of densities calculated wi
the mixture model developed in this work and th
mixture model of Tillner-Rothet al. ~1998! to ex-
perimental data for the R-32/125 binary mixture
330 K.
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FIG. 20. Excess volumes for the R-32/125 binary mixture at 250 K an
MPa: ~solid line! this work, ~dashed line! mixture model of Tillner-Roth
et al. ~1998!. Experimental data between 243 and 256 K are shown
comparison.
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FIG. 21. Excess enthalpies for the R-32/125 binary mixture at 250 K an
MPa: ~solid line! this work, ~dashed line! mixture model of Tillner-Roth
et al. ~1998!.
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